Introduction
Titanium dioxide nanoparticles (TiO 2 -NPs) are present in everyday products such as sunscreens, sweets and paints (Shi, 2013) . Since their production volume is predicted to exceed that of TiO 2 microparticles (Robichaud, 2009) , increased occupational and environmental exposure of the population to these NPs is expected. To date, NP toxicology studies have mainly focused on the lung, as inhalation is the most likely and most concerning NP exposure mode. NPs and ultrafine particles show similar physico-chemical properties, which suggests that NPs may be carcinogenic just like ultrafine particles (Loomis, 2013) .
Epidemiological studies so far failed to demonstrate a direct link between exposure to TiO 2 -NPs and cancer development (Baan, 2007) . This is why IARC, in its monograph on the evaluation of carcinogenic risks to human from carbon black, titanium dioxide and talc, concluded that "there is inadequate evidence in humans for the carcinogenicity of titanium dioxide", while they concluded on "sufficient evidence in experimental animals for the carcinogenicity of titanium dioxide", which supported the overall evaluation that "titanium dioxide is possibly carcinogenic to humans (Group 2B)" (IARC, 2010) . Still many in vitro and in vivo studies focus on TiO 2 -NP genotoxicity as a hallmark of early carcinogenicity. The conclusions of these genotoxicity or DNA damage studies are conflictive (IARC, 2010; Shi, 2013) probably because NPs with various physicochemical characteristics are used. Additionally, even if the same NP is used, the dispersion procedure, depending on the composition of the dispersion medium and the time of sonication, may lead to significant differences in NP agglomerate sizes and coatings and consequently in NP biological effects. In particular, it is now well documented that addition of proteins such as BSA or serum leads to coating of the NPs with proteins which stabilize the NP suspension but also may mask reactive sites on NP surface, thus reducing their short-term cyto-or genotoxicity . However, the situation may differ upon long-term exposure, since long-term NP accumulation in lysosomes may cause corona proteins degradation and consequently NP surface may get revealed again.
In addition to these conflicting results, in vitro exposure scenarios are most of the time unrealistic, i.e. exposure concentrations range between 5 µg/mL and 100 µg/mL and exposure times are very short, i.e.
less than 24 h (Chen, 2014) . This exposure concentration is 10 6 -fold higher than human inhalation exposure even in a worst-case scenario (Paur, 2011) , and individuals are exposed to TiO 2 -NPs during 5 their whole life (Weir, 2012) . This therefore raises the question of the accuracy of acute exposure models, since biological effects and related mechanisms may differ depending on exposure concentration and time.
Interesting results recently emerged from long-term, chronic in vitro exposure scenarios, representing an important breakthrough in nanotoxicology literature. Exposure of a human keratinocyte cell line to 5 µg/mL of 25 nm anatase TiO 2 -NPs for up to 3 months caused neither overt cytotoxicity nor reactive oxygen species accumulation (Kocbek, 2010) . A 3-week exposure of human mesenchymal stem cells to TiO 2 -NPs also did not induce significant cytotoxic impact (Hackenberg, 2013) . However it induced the formation of nanotubular protrusions of the exposed cells' plasma membranes and increased the proportion of cells in the subG1 phase of the cell cycle (Kocbek, 2010) . Modification of cell cycle progression was also observed in Chinese Hamster Ovary cells (CHO-K1) continuously exposed to 10-40 µg/mL of anatase TiO 2 -NPs for 2 months, with an increased proportion of cells in the G2/M phase. In this cell line, chronic exposure to TiO 2 -NPs impacted neither cell proliferation and survival nor caused genotoxic events, but correlated with reactive oxygen species accumulation in exposed cells (Wang, 2011) . Exposure of NIH3T3 fibroblasts to 10 µg/mL TiO 2 -NPs for up to 3 months impaired cell cycle progression and mitosis, and altered genome segregation due to interference of NPs with mitotic spindle assembly and with centrosome maturation. The authors concluded that long-term exposure to TiO 2 -NPs thus induced cell transformation and chromosomal instability, via deregulation of PLK1 function (Huang, 2009) . Finally, exposure of BEAS-2B bronchial cell line for 4 weeks to anatase TiO 2 -NPs (NM102 representative material from the Joint Research Center, Ispra, Italy) induced neither primary lesions and oxidative damage to DNA, nor chromosomal damage. However, they induced cell transformation in the soft-agar plate assay (Vales, 2014) .
In this context, the present study was designed to assess possible genotoxicity of TiO 2 -NPs upon longterm, 8-week continuous exposure of A549 lung alveolar cells. The rationale for using this cell line is that 20 nm-diameter NPs are expected to reach the alveolar compartment of the lung rather than the bronchial compartment (Shi, 2013) . Moreover we used TiO 2 -NPs with mix anatase/rutile crystalline phases (NM105 from the Joint Research Center, Ispra, Italy, i.e. P25 Aeroxide from Evonik), which are more reactive than pure anatase TiO 2 -NPs (Gerloff, 2009) and show the highest stability of well-dispersed suspensions upon 6 dispersion via sonication (Jugan, 2012; Simon-Deckers, 2008) . We previously demonstrated that these TiO 2 -NPs caused cytotoxicity and genotoxicity in this cell line upon acute exposure, in vitro (Jugan, 2012; Simon-Deckers, 2008) . Moreover they caused drastic reduction of cellular ability to repair damaged DNA (Jugan, 2012) . Our previous work, using 2D-gel electrophoresis analysis together with functional validation to analyze the molecular response of A549 cells to 2 months, chronic exposure to these NPs, showed that this exposure scenario impacts the abundance of 22 gene products involved in glucose metabolism, trafficking, gene expression, mitochondrial function, proteasome activity and DNA damage response (Armand, 2015) . This chronic exposure was also found to increase the intracellular content of the serinethreonine kinase receptor-associated protein (STRAP) whose role is to stabilize p53 coactivators p300
and JMY so that they activate p53, which are indicative of DNA damage. Moreover, p53 phosphorylation and acetylation were increased, leading to cell cycle slowdown (Armand, 2015) .
In the present study, we investigated the impact of these TiO 2 -NPs on DNA stability, also using a chronical 2-months exposure scenario. Our initial aim was to analyze the impact of very low TiO 2 -NP concentrations, in the range of 1 ng/mL to 50 µg/mL. However, since our first results showed that the biological response to 2 months exposure to 1 µg/mL TiO 2 -NPs was insignificant, we decided to focus subsequent studies on the range inducing a dose-dependent cellular response, i.e. 1-50 µg/mL TiO 2 -NPs.
We characterized TiO 2 -NP cellular accumulation and distribution using transmission electronic microscopy (TEM), micro particle-induced X-ray emission (µPIXE) and ICP-MS. Cell viability and redox status were assessed after exposure. Moreover, we characterized the genome instability caused by this exposure model, by using (1) the comet assay in its alkaline and Fpg-modified versions to probe DNA strand breaks, alkali-labile sites and Fpg-sensitive sites including 8-oxo-dGuo, (2) 53BP1 foci numeration to probe DNA double-strand breaks and DNA replication fork blockade, and (3) the cytokinesis-blocked micronucleus assay to probe clastogenic and aneugenic events. Finally, we assessed sensitization towards the alkylating agent methane-methyl sulfonate (MMS) that this long-term exposure to TiO 2 -NPs provides, by first exposing cells for 2 months to TiO 2 -NPs then exposing them to a sublethal concentration of MMS, and characterizing cell viability and DNA integrity.
Together these identify a large range of potential NP-induced DNA damage mechanisms and allow a very detailed picture of key steps to be elucidated.
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Methods
Nanoparticle dispersion and characterization
TiO 2 -NPs (AEROXIDE® P25, Evonik) were obtained from the library of the Joint Research Center (JRC, Ispra, Italy) where they are designated NM105. They were dispersed in ultrapure sterile water to the concentration of 10 mg/mL, by high power probe sonication in pulsed mode (1s on/1s off), at 4°C and 28% of amplitude, over 30 min as described previously Simon-Deckers, 2008 ). The power delivered by our sonicator at 28% of amplitude is 16.8 W (Brun, 2014) . Suspensions were stored in the dark at room temperature. Just before cell exposure, the suspension was vigorously vortexed and diluted in exposure medium, i.e. DMEM containing 10% fetal bovine serum (FBS). The hydrodynamic diameter of the TiO 2 -NPs diluted to 5 µg/mL in ultrapure water or exposure medium was determined by dynamic light scattering (DLS) on a ZetaSizer Nano ZS (Malvern, Worcestershire, UK). Size and size distribution was analyzed immediately following dispersion and over the timecourse of the exposure (after 2 months).
Cell culture A549 human lung carcinoma cells were purchased from ATCC (Manassas, VA, USA, reference and grown in DMEM 4.5 g/L glucose (Life Technologies, Carlsbad, CA, USA) containing 2 mM/L glutamine, penicillin/streptomycin (50 IU/mL and 50 mg/ml respectively) and 10% FBS. They were maintained at 37°C in a 5% CO 2 /air incubator.
NP exposure
Over a period of up to 2 months, cells were subcultured in cell culture medium containing freshly-diluted NPs twice a week ( Figure S1 ), using the following protocol: wells were rinsed with PBS, trypsinized with trypsin-EDTA 0.25% and counted after trypan blue staining. Cells were then seeded in a new dish (seeding details described in the specific experimental protocols below), in cell culture medium containing 8 1, 2.5, 5, 10 or 50 µg/mL TiO 2 -NPs, these concentrations being in line with those used in the previously published TiO 2 -NP chronic exposure studies (Huang, 2009; Kocbek, 2010; Vales, 2014; Wang, 2011) . The 10 mg/mL NP stock suspension (prepared in water) was the same during the whole exposure time. The dispersion state of the suspension was checked by DLS immediately after dispersion, then after 2 weeks, 1 month and 2 months; size distribution did not significantly evolve. Moreover TiO 2 -NPs did not significantly dissolve over time, as attested by ICP-MS measurement of Ti ion content in the supernatant of the suspension (after ultracentrifugation at 400 000 g for 30 min; material and methods for ICP-MS are described in Electronic Supplementary Information) collected just after sonication and at the end of the 2 month experiments (not shown). After 24 hours, 1 week, 2 weeks, 1 month and 2 months of treatment, cells were seeded i) in well plates or microscope coverslips to carry out the cytotoxicity, genotoxicity, RTqPCR and redox balance analyses experiments and ii) in petri dishes to continue the exposure experiment. Cells prepared for cytotoxicity, genotoxicity, RT-qPCR and redox balance analyses experiments were processed either immediately (MTT, trypan blue, H2DCFDA) or conditioned, stored and processed after completion of the 2 month exposure (ICP-MS, propidium iodide staining, redox enzyme activity, comet assay, 53BP1 and micronucleus assay). Storage conditions are described below and in Table S1 . The whole chronic exposure experiment was repeated 4 times, independently, and most of the experiments described below were thus repeated 4 times independently, except TEM imaging which was performed once, and PIXE and ICP-MS measurement of TiO 2 -NP intracellular accumulation which were repeated twice (for detailed number of independent experiment for each assay, see Table S1 ).
Cytotoxicity and cell proliferation
Cytotoxicity was assessed using the 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyl tetrazolium bromide (MTT) assay (Sigma-Aldrich, St. Louis, MO, USA). Cells were seeded at sub-confluence in 96-well plates, in cell culture medium containing 1, 2.5, 5, 10 or 50 µg/mL TiO 2 -NPs (6 wells per condition). After 16-hours, to allow cell adhesion, the medium in each well was replaced by 0.5 mg/mL MTT diluted DMEM. After 1 h of incubation at 37°C, formazan crystals were dissolved in 100 µL DMSO. To limit interference NPs were then allowed to sediment for 1 h, after which the plate was centrifuged at 450 × g for 5 min. 50 µL per well was transferred to a new 96-well plate. Absorbance was measured at 570 nm and cell viability was determined as percentage of absorbance of negative control (unexposed cells). Trypan blue count (2 replicates per condition) was used to calculate the population doubling level (PDL) at each exposure concentration and at each cell passage, using the following formula: PDL = t*log2/(logN t −logN 0 ) (N 0 and N t being cell counts immediately after seeding and t days after seeding, respectively).
We also used propidium iodide staining to assess cell viability. After exposure to 0, 1, 2.5, 5, 10, 50 µg/mL TiO 2 -NP, cells were collected (10 6 
Intracellular accumulation and distribution
NP accumulation and intracellular distribution were measured by µ-particle-induced X-ray emission (µPIXE) and Elastic Backscattering (EBS). Cells were seeded onto polycarbonate membranes and allowed to adhere for 16 h. They were then rinsed twice with PBS and cryofixed by immersion in isopentane chilled to -160°C in liquid nitrogen (Carriere, 2005) . Samples were freeze-dried for 24 h at -10°C, 0.37 mbar. Micro-PIXE and EBS spectra were recorded simultaneously on the microbeam line of the AIFIRA platform (CENBG, Bordeaux, France) (Barberet, 2009 , thickness 100 μm, resolution: 17 keV). Four elemental maps of 100×100 μm 2 were recorded on each sample, and drawn using the SupaVISIO software (http://biopixe.free.fr). For Ti intracellular content measurement, data were fitted using SIMNRA (EBS) (Mayer, 2002) and Gupix (X-ray spectra) (Campbell, 2010) as described previously and normalized by analysis of standards, kindly provided by Dr. R. Ortega. Hydrogen peroxide (H 2 O 2 ) was used as a positive control, with exposure for 30 min at 50 µM. In order to estimate interference of TiO 2 -NPs with this assay, the same protocol was applied to cells seeded and treated in exactly the same conditions but not incubated with H 2 DCFDA. Some fluorescence of TiO 2 -NPs was observed, but it accounted for less than 10% of the total fluorescence signal in the H2DCF-DA + NP treated cells.
In cell samples exposed to NPs for 2 months, glutathione concentration, both total (GSH+GSSG) and reduced (GSH), as well as the activity of the 4 antioxidant enzymes glutathione reductase (GR), glutathione peroxidase (GPx), superoxide dismutase (SOD) and catalase (CAT) were monitored as previously described (Barillet, 2010) , with 3 replicates per condition. For detailed protocols, see the Electronic Supplementary Information.
DNA damage
NP-induced DNA strand breaks and alkali-labile sites were assessed through the alkaline version of the comet assay (Singh, 1988) . Oxidatively damaged DNA was quantified by using the bacterial DNA repair enzyme formamidopyrimidine-DNA glycosylase (Fpg) in the comet assay (Gurr, 2005) . This enzyme converts oxidized purines, including the major purine oxidation product 8-oxoguanine, into single-strand breaks (SSB, therefore detectable by the comet assay) through a base-excision process (Collins, 2009) . At the end of the exposure time, cells (1 well per condition) were rinsed three times with PBS, trypsinized, then pelleted by centrifugation for 5 min at 250 g. Cell pellets were then resuspended in sucrose 85.5 g/L, DMSO 50 mL/L prepared in citrate buffer (11.8 g/L), pH 7.6, and immediately frozen at -80°C. At the end of the 2 months exposure period, samples were thawn and processed as described hereafter for the comet assay. Six microscope slides per condition were coated with 1% normal melting point agarose (NMA) and allowed to dry. 10000 cells per slide were mixed with 0.6% low melting point agarose (LMPA) and deposited over the NMA layer. The cell/LMPA mix was then allowed to solidify on ice for 10 min. Slides were immersed in cold lysis solution (2.5 M NaCl, 100 mM EDTA, 10 mM Tris, 10%
DMSO, 1% Triton X-100) overnight at 4°C, before being rinsed in 0.4 M Tris pH 7.4. Then 3 slides were treated with 100 μL Fpg (5 U/slide, in enzyme buffer, Trevigen, Gaithersburg, MD, USA) and 3 slides were incubated with Fpg enzyme buffer for 45 min at 37 °C. DNA was then allowed to unwind for 30 min in alkaline electrophoresis solution (300 mM NaOH, 1 mM EDTA, pH > 13). Electrophoresis was performed in an electric field of 0.7 V/cm and 300 mA for 30 min. Slides were then neutralized in 0.4 M Tris pH 7.4
and were stained with 50 µL of 20 mg/ml ethidium bromide (Life Technologies). As a positive control for alkaline comet assay, we used 50 µM H 2 O 2 directly deposited onto the agarose layer containing the cells, incubated for 5 min at room temperature. As a positive control for comet-Fpg we used A549 cells exposed for 20 min at 37 °C to 1 µM riboflavin, then exposed to 10 J/cm² of UVA. At least 50 comets per slide were analyzed under a fluorescence microscope (Carl Zeiss, Oberkochen, Germany) connected to a charge-coupled device camera with a 350-390 nm excitation and 456 nm emission filter, at x20 magnification.
Comets were measured and analyzed using Comet IV software (Perceptive Instruments, Suffolk, UK).
To evaluate DNA double strand breaks (DSB) or replication fork blockade, p53 binding protein 1 (53BP1)
foci were revealed and counted in cell nuclei. 53BP1 is a non-enzymatic protein which is recruited shortly after primary DSB detection. This protein is homogeneously distributed in the nuclei of unperturbed cells then it is recruited within 1-2 min to DSB sites (Bekker-Jensen, 2010); like gamma-H2AX it can therefore serve as a marker for DSB. As a positive control, we exposed cells to 25 µM etoposide (Sigma-Aldrich) for 24 h. Cells were fixed for 20 min in 3% paraformaldehyde (Sigma-Aldrich), stained using anti-53BP1
antibody (Novus Biologicals, Littleton, CO, USA, 1/500 vol./vol.) and slides were mounted with Fluoroshield (Sigma-Aldrich) containing DAPI (1 slides per condition). 53BP1 foci were visualized on an Axio ImageA1 microscope coupled to an Axiocam MRm camera (Carl Zeiss). At least 15 images per condition were captured; on each image we determined both total number of 53BP1 foci and total number of nuclei. Apoptotic cells and dividing cells were rejected.
The micronucleus assay, probing aneuploidic and clastogenic events, was performed as described previously (Fenech, 2000) . Cells exposed to TiO 2 -NPs were seeded on glass coverslips (3 coverslips per condition, i.e. 3 independent replicates). As a positive control, we used A549 cells exposed for 24 h to 100 µM methyl methanesulfonate (MMS, Sigma-Aldrich) (3 replicates). They were then cultured for another 28 h in culture medium (without NPs) containing 4 µg/ml cytochalasin B (Sigma-Aldrich) to block cytokinesis. 
Statistical analysis
For each assay, the number of biological replicates per experiment as well as the number of 2 months exposure experiment in which the assay was done is summarized in Table S1 . Except for TEM, µPIXE and ICP-MS assays, data curation was carried out as follows: results from biological replicates of each independent experiment were averaged; results presented in figures are mean ± s.e.m. of these averages.
For ICP-MS assay, the assay was performed only once, with 4 independent replicates. Data presented in Table S2 are thus mean ± s.e.m. of these 4 independent replicates. For µPIXE, 4 measurements were performed on each of the 2 independent samples (prepared during 2 independent 2 month exposure experiments); data presented in Figure 1 are the mean ± s.e.m. of the 8 values that were obtained.
Statistical significance was assessed by Kruskal-Wallis non-parametric one-way analyses of variance by ranks, using the Statistica 8.0 software (Statsoft, Chicago, IL, USA). When significance was demonstrated (p < 0.05), paired comparisons were run using Mann-Whitney tests.
Results
Characterization of TiO 2 nanoparticles
The TiO 2 -NPs used in the present study, P25 Aeroxide, have already been characterized in terms of morphology, primary size, surface specific area and isoelectric point (Jugan, 2012; Simon-Deckers, 2008 ).
Briefly they are round-shaped ( Figure S2 ) with an average primary particle diameter of 24±6 nm (as measured by TEM) and average specific surface area of 46±1 m²/g. Their crystalline phase is 86%
anatase and 14% rutile. We dispersed these NPs in water, using high energy sonication as previously described Simon-Deckers, 2008) . After this dispersion stage in water, their average hydrodynamic diameter, measured by DLS and expressed in number, was 44±25 nm ( Figure S2 ). Their polydispersity index (PdI) was 0.146±0.009. This distribution did not evolve significantly during the 2 months of the experiment; distribution profiles were almost identical 24 h and 2 months after dispersion (not shown). Just before each cell passage, after vigorous vortexing this suspension was diluted in cell culture medium containing 10% FBS to reach NP concentrations of 1, 2.5, 5, 10 or 50 µg/mL. In this exposure medium their zeta potential was -11.2±0.8 mV; their hydrodynamic diameter increased to 342±15 nm and PdI increased to 0.236±0.048, indicating that NPs agglomerated somewhat ( Figure S2 ).
NP accumulation and distribution in exposed cells
In order to characterize the interaction between TiO 2 -NPs and cells, we evaluated their cellular accumulation and distribution. Micro-PIXE showed that every cell contained Ti whatever the exposure time ( Figure 1A ). Indeed Ti-rich areas co-localized with K/Ca-rich areas which represent the outlines of cells.
Integration of PIXE spectra ( Figure 1B) , recorded on 4 different samples per condition, showed that Ti accumulation was significant at both 2.5 and 50 µg/mL and that it was higher in cells exposed to 50 µg/mL TiO 2 -NPs than in cells exposed to 2.5 µg/mL TiO 2 -NPs ( Figure 1C ). Moreover in cells exposed to 50 µg/mL TiO 2 -NPs, Ti content was higher after 1 month of exposure than after 24 h of exposure. Then it did not increase further, the value after 2 months of exposure was comparable to that at 1 month of exposure,
suggesting an adaptive response of cells which may exclude or expel TiO 2 -NPs. This was confirmed by ICP-MS measurement of Ti accumulation in these cells, which also shows no statistically significant increase of intracellular Ti between 1 and 2 months of exposure (Table S1 ). No major accumulation of NPs was observed on cell membranes, confirming that the µPIXE and ICP-MS measurements reflected NP accumulation inside the cells rather than NPs adsorbed on cell membranes.
Cytotoxicity and cell proliferation
The MTT assay, assessing cell mitochondrial activity, demonstrated that chronic exposure to NPs did not affect cell survival, even after 2 months of exposure and at concentrations as high as 50 µg/mL TiO 2 -NPs
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( Figure 3A) . Interference of NPs with the assay was tested using a previously reported protocol (Brun, 2014) and turned out to be negative (data not shown). This result was confirmed by trypan blue staining and cell counting at each cell passage, that revealed no overt mortality (Table S2) , as well as propidium iodide staining and flow cytometry analysis of live/dead cells ( Figure 3B ), that also did not reveal any overt mortality. Results are presented as the mean of 4 points ± SEM. *: p<0.05 vs control. However, the population doubling level (PDL), inversely correlated to cell proliferation, was moderately but significantly increased for the 10 and 50 µg/mL TiO 2 -NP exposure concentration and for the last passage ( Figure 3C ). This indicates that the highest exposure concentrations and the longest exposure time, even if non cytotoxic, significantly decreased cell proliferation.
Cellular redox status
As oxidative stress is both a known consequence of NP exposure and a demonstrated mechanism for genotoxicity, we evaluated the oxidative status of NP-exposed cells. ROS production, measured with the H 2 DCFH-DA assay, was higher in cells exposed to 5, 10 and 50 µg/mL TiO 2 -NPs than in control cells whatever the exposure time, as well as in cells exposed to 2.5 µg/mL TiO 2 -NPs for 2 weeks and more ( Figure 4 ). Increased intracellular ROS content was concentration-dependent, i.e. ROS content in cells exposed to 50 µg/mL TiO 2 -NPs was significantly higher than in cells exposed to 5 and 10 µg/mL TiO 2 -NPs. For our exposure condition we evaluated the interference of TiO 2 -NPs with the assay as suggested by Guadagnini et al (Guadagnini, 2015) ; it did not account for more than 10% of the total DCF fluorescence even at the highest concentration, i.e. interference was not significant. p<0.05 vs lower dose for similar exposure period.
We did not observe any significant modulation of both total (GSH+GSSG) and reduced (GSSG) glutathione contents in cells continuously exposed to TiO 2 -NPs for 2 months (Table S3 ). Neither did we observe any modulation of the activity of glutathione peroxidase (GPx) and glutathione reductase (GR) which are responsible for glutathione cycling between its reduced and oxidized form. The activity of superoxide dismutase (SOD) and catalase (CAT), involved in hydrogen peroxide and oxygen superoxide radical dismutation, respectively, were also unchanged after 2 months of exposure (Table S3) . Finally, we monitored mRNA expression of CAT, SOD1, SOD2, GPx1, GPx4 and GSR and observed no modulation of their expression (Table S4 ).
Genotoxicity
DNA damage was first evaluated via the alkaline version of the comet assay, which detects primary lesions of DNA i.e. single-strand breaks and double-strand breaks, as well as alkali-labile sites such as abasic sites. This assay showed increased DNA damage in cells exposed to 10 µg/mL TiO 2 -NPs for 1 and 2 months, as well as in cells exposed to 50 µg/mL TiO 2 -NPs regardless of the exposure time ( Figure 5A ).
After 1 and 2 months of exposure, DNA damage was higher in cells exposed to 50 µg/mL TiO 2 -NPs than in cells exposed to 10 µg/mL TiO 2 -NPs. We also used the -Fpg version of the comet assay, which additionally reveals Fpg sensitive sites, i.e.
oxidative damage to DNA. In accordance with the recommendation of the European Standards Committee on Oxidative DNA damage (ESCODD) reported by Moller et al. (Moller, 2015 ) the number of Fpg-sensitive sites was very low in cells that were not exposed to TiO 2 -NPs. Our positive control for this assay (cells not exposed to TiO 2 -NPs, incubated for 30 min with riboflavin and exposed to UVA) resulted in 30-35% DNA in the tail, depending on the experiment (not shown). In this assay we observed higher % DNA in the comet tail than in the alkaline version of the assay, proving that exposure to TiO 2 -NPs also caused oxidative damage to DNA. In Comet-Fpg, we observed a significant increase of DNA damage in cells exposed to 10 and 50 µg/mL TiO 2 -NPs whatever the exposure time, as well as in cells exposed for 2 months at 1 µg/mL and 2.5 µg/mL TiO 2 -NPs, and for 2 weeks and 1 month at 5 µg/mL TiO 2 -NP ( Figure   5B ). Damage was higher in cells exposed to 50 µg/mL TiO 2 -NP than in cells exposed to any other concentration of NPs, confirming the concentration-dependence of DNA damage.
We also measured the specific presence of DSB or DNA replication fork blockade by counting 53BP1 foci in the nuclei of cells chronically exposed to TiO 2 -NPs. We observed higher 53BP1 foci counts in cells exposed to 2.5 and 5 µg/mL NPs during 1 month, and in cells exposed to 10 and 50 µg/mL NPs for 1 and 2 months ( Figure 5C ).
Finally, in order to evaluate clastogenic and aneugenic effects of NPs we used the cytokinesis-blocked micronucleus assay. Due to the possibility that cytochalasin B blocked endocytosis and consequently NP cellular uptake, we used the modified version of the assay where cells are incubated with NPs before being treated with cytochalasin B Table S5 ). This proves that the mutagenicity and clastogenicity of TiO 2 -NPs, under this exposure condition (i.e. chronic low level exposure, 1-50 μg/mL over 2 months), was insignificant.
Cell sensitization to post-exposure to a genotoxic agent
We previously showed that acute exposure to TiO 2 -NPs impaired cellular ability to repair DNA lesions via NER and BER pathways (Jugan, 2012) . Chronic exposure to TiO 2 -NPs may thus sensitize cells to other genotoxic agents, particularly those which induce lesions that are classically repaired by the NER and the BER. We thus evaluated the impact of post-exposure to the alkylating agent methane-methyl sulfonate (MMS), which generates DNA lesions repaired by the BER, on cells continuously exposed to TiO 2 -NPs for 2 months. First, these cells were exposed to a non-lethal concentration of MMS, i.e. 100 µM for 24 h. The MTT assay then demonstrated that cell mortality was higher in cells continuously exposed to 5 to 50 µg/mL NPs and subsequently acutely exposed to MMS, as compared to cells exposed to MMS without previous chronic exposure to NPs ( Figure 6A ). In order to confirm that this higher cell mortality was related to higher DNA damage, we quantified DNA strand break in cells chronically exposed to TiO 2 -NPs and then acutely exposed to 50 µM or 100 µM of MMS. Post-exposure to 50 µM MMS did not increase the % tail DNA in alkaline comet assay (not shown). Conversely % tail DNA was increased by 14% in cells exposed to 50 µg/mL TiO 2 -NPs for 2 months then post-exposed to 100 µM of MMS for 24 h, as compared to cells that were only exposed for 24 h to MMS ( Figure 6B , grey bars). As a comparison, 2 months of exposure to 50 µg/mL TiO 2 -NPs increased % tail DNA by 4%, as compared to unexposed cells ( Figure 6B , white bars). In addition, 53BP1 foci were counted in cells exposed to TiO 2 -NPs for 2 months, then post-exposed to 50 µM or 100 µM of MMS. No statistically significant difference was observed in this assay ( Figure S3 ).
Finally we analyzed the mRNA expression of genes encoding proteins involved in DNA repair processes, especially via the BER pathway, i.e. APE1, PARP1, PCNA, XRCC1, POLB, LIG3, as well as genes encoding TP53 and the proteins involved in cell cycle checkpoint ATM and ATR, in cells chronically exposed to TiO 2 -NPs. Their expression was not modified in cells exposed for 2 weeks, 1 month or 2 months to 2.5, 10 or 50 µg/mL TiO 2 -NPs (Table S6 ). This indicates that if cells are sensitized to MMS through reduction of their DNA repair capacities, as suggested by our previous results obtained after acute exposure to these TiO 2 -NPs, this does not rely on the inhibition of expression of genes encoding DNA repair proteins.
Discussion
In the present article, we report the impact of long-term exposure of A549 lung cells to TiO 2 -NPs, particularly focusing on the genome instability that it may provide. Our previously published results show that this exposure scenario induces DNA damage response via activation of the p53 pathway, through increased levels of STRAP which is a stabilizer of the coactivators of p53, p300 and JMY (Armand, 2015) .
We also showed that p53 acetylation and phosphorylation levels are increased (Armand, 2015) . In the present article we complement these data by showing that this exposure scenario causes the accumulation of reactive oxygen species, oxidative damage to DNA, as well as the formation of foci of 53BP1 on the DNA which suggestss the presence of double-strand breaks and/or DNA repair processes by excision/synthesis and/or replication fork blockade. These lesions to DNA may be the cause of the p53 pathway activation that we previously reported. In this previous study, we also report that chronic exposure induced mitochondrial damage and perturbation of autophagy (Armand, 2015) , which may be an explanation for the accumulation of ROS that we observe here. Indeed mitochondria and cellular respiration are the main source of endogenous ROS in mammalian cells. If these ROS are not appropriately scavenged, or if, as a result of mitochondrial damage, higher levels of ROS are produced, then these ROS would attack biomolecules including DNA. As discussed in our previous article (Jugan, 2012) , oxidative damage to DNA may be created by weak oxidizing species such as hydroperoxides.
These species may be produced in the cell cytoplasmic vacuole-like structures where TiO 2 -NP accumulate, then migrate to the nucleus where they would oxidize DNA. Conversely the lifetime of OH°, the only ROS which is able to attack DNA backbone and create strand breaks (Pogozelski, 1998) , is very short. Consequently, its migration from the cytoplasm/vacuoles to the nucleus, leading to direct DNA backbone attack, is improbable. The accumulation of 53BP1 foci that we observe might thus reflect the presence of double-strand breaks that result from secondary, indirect production of OH° in the nucleus.
Alternatively, and more probably, it may result from the repair of oxidative lesions by excision-synthesis processes, or replication fork blockade during mitosis due to damaged DNA (Bekker-Jensen, 2010 ). This hypothesis is further suggested by the low number of 53BP1 foci that we observe: in control cells we counted 0.2-0.3 53BP1 foci per cell nucleus while in cells exposed for 1 month to 2.5, 5 or 10 µg/mL TiO 2 -NPs we observe 0.5 to 0.7 foci per cell nucleus. If secondary production of OH° in the nucleus was the cause of DNA backbone attack and 53BP1 foci formation, then this number would certainly be higher.
Moreover, since we did not detect any micronuclei, it appears that these DNA strand breaks are efficiently repaired.
Our results are in line with the generally accepted paradigm that oxidative mechanisms drive TiO 2 -NP toxicity, which is widely accepted for acute exposure mode (Johnston, 2009; Shi, 2013) . It confirms the conclusion of the IARC Working Group, i.e. in vitro studies show that titanium dioxide particles, both fine and ultrafine, induce DNA damage that is "suggestive of the generation of reactive oxygen species" (IARC, 2010) . Finally, it confirms that ROS accumulation is one of the earliest events occurring in cells chronically exposed to TiO 2 -NP, as already reported (Huang, 2009; Wang, 2011) and that this ROS accumulation may result from mitochondrial impairment, or altered elimination of damaged mitochondria due to autophagy impairment as we previously reported (Armand, 2015) . We also confirm here that 2 months exposure to TiO 2 -NPs causes decreased cell proliferation, which was also hinted in our previous study where we reported cell cycle slowdown with cell accumulation in the G1 phase due to activation of the p53 pathway (Armand, 2015) . Such perturbation of the cell cycle has also previously been reported by others upon acute (Wu, 2010) or long-term (Wang, 2011) exposure to TiO 2 -NPs.
We show that TiO 2 -NPs accumulate in cells where they distribute in cytoplasmic vesicles. Their accumulation kinetics suggest cellular adaptation to NP exposure, since Ti intracellular content after 2 months of continuous exposure is not statistically higher than after 1 month of exposure. This observation is in line with the results of Wang et al., who observed significant decrease of Ti content in 60-day exposed cells, as compared to 2-day exposed cells (Wang, 2011) . This adaptation could either be expulsion of NPs from the cells, for instance by activation of the exocytosis of NP-containing vesicles, or exclusion, i.e. reduced accumulation while dividing cells also divide their Ti content between daughter cells. It was recently demonstrated that NPs are not exported out of cells, and that NP accumulation depends on the phase of the cell cycle, with more efficient uptake in G2/M phase than in S phase than in G0/G1 phase (Aberg, 2013; Kim, 2011) . The cell cycle slowdown and cell accumulation in G1 phase thus supports the hypothesis of reduced intracellular accumulation rather than expulsion of TiO 2 -NP from chronically-exposed cells.
Taken together, all these data can be summarized as follows:
Chronic exposure to TiO 2 -NPs leads to their accumulation in cell cytoplasmic vesicles. Cells react to these exogenous compounds by activating autophagy, which fails to eliminate TiO 2 -NPs. Autophagosomes then accumulate in cells, but no longer fulfil their role and do not eliminate altered mitochondria. Altered mitochondria accumulate in the cell cytoplasm, leading to increased release of ROS which induces oxidatively-generated DNA lesions. These lesions accumulate, together with strand breaks due to excision/resynthesis DNA repair processes and the replication fork blockade that they cause. Moreover the p53 pathway is activated by this mild stress, and leads to cell cycle slowdown and consequently decreased cell proliferation and decreased intracellular accumulation of TiO 2 -NPs.
Another important issue highlighted in this study is that cells chronically exposed to TiO 2 -NPs for 2 months are sensitized to the alkylating agent MMS, which is classically used as a positive control in genotoxicity experiments (Beranek, 1990 ). Indeed we observe MMS cytotoxicity when cells chronically exposed to TiO 2 -NPs are then incubated with a sublethal dose of this alkylating agent, as well as increased levels of DNA strand breaks compared to the chronic controls (not exposed to MMS). This sensitization might be explained by two hypotheses. First, the DNA damage that we observed in our model can enhance the MMS-induced DNA damage to saturate DNA repair activity, leading to cell death. Second, TiO 2 -NPs themselves can also impair cellular DNA repair activity, as we previously demonstrated upon acute exposure (Jugan, 2012) . This observation underlines the need to deeply investigate the combined effects of NPs with other pollutants, particularly genotoxic compounds and alkylating agents.
Finally, our results show more drastic impacts from P25 TiO 2 -NPs upon chronic exposure of A549 cells, particularly after 4 weeks of exposure, than those previously reported in the study of Vales et al. (Vales, 2014) . This discrepancy may be due to the different cell lines that we used, BEAS-2B being bronchial cells while A549 are alveolar cells. Indeed alveolar cells, particularly A549 cells, produce and secrete pulmonary surfactant (Lieber, 1976) , which changes the biochemical environment of the milieu around 25 these cells and may be adsorbed on the surface of NPs, changing their properties. Another explanation lies in the fact that different NPs were used in these two studies: we used P25 NPs, which are mixed anatase-rutile crystal phase and which generate a highly stable suspension in water and in cell culture medium. Conversely, Vales et al. (2014) used NMP102 TiO 2 -NPs which are pure anatase and very hard to disperse in aqueous medium. For their experiments, these NPs were dispersed in BSA before being diluted in cell culture medium. This probably leads to the formation of a dense protein corona on the surface of these NPs. This corona may be different from the one that forms on the NPs used in our study, which were first dispersed in water then diluted in FBS-containing cell culture medium then exposed to the surfactant secreted by A549 cells. Since the protein corona on the surface of NPs plays a role in their cellular accumulation and impact (Monopoli, 2012) , and since direct comparison shows that TiO 2 -NPs dispersed either in BSA or in water lead to non-genotoxic or genotoxic impact, respectively , these different NPs and dispersion protocols may explain the different toxicological outcomes
observed.
Conclusions
We demonstrate here that long-term exposure to TiO 2 -NPs (AEROXIDE® P25, Evonik; received as NM105 from the JRC) induces DNA damage in A549 cells and sensitizes these cells, to post-exposure as evidenced by the increased amount of DNA strand breaks induced by the alkylating agent MMS. Although this long-term exposure model is still far from the reality of human inhalation exposure, some genotoxicity endpoints appear positive even at very low exposure concentrations (as low as 1 μg/mL) that we used.
Chronic exposure causes more severe DNA damage than acute exposure, particularly those revealed by 53BP1 foci immunostaining, i.e. double-strand breaks or replication fork blockade double-strand breaks.
This underlines the necessity to use chronic exposure scenarios in addition to acute exposure models in order to investigate NP impact, since these distinct models lead to different adverse outcomes, with additional triggering events and more intense effects in long-term exposure scenarios.
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-ICP-MS quantification of Ti accumulation in A549 cells chronically exposed to TiO 2 -NPs
In order to confirm our µPIXE results, we also measured Ti accumulation in A549 cells using ICP-MS.
Cells exposed for 24 h, 1 month or 2 months to 2.5, 10 or 50 µg/mL TiO 2 -NPs, as well as untreated cells (controls) (4 replicates per condition), were rinsed four times with 150 mM NaCl in order to remove NPs that were bound to cell surface, then harvested in 50 µL of 150 mM NaCl and stored at -20°C until mineralization and analysis. This whole experiment was repeated twice. Prior to analysis using ICP-MS, all dispersion glassware were carefully cleaned and washed in 10% (v/v) HNO 3 and rinsed repeatedly with ultrapure water. Cells were dissolved by microwave-assisted decomposition in 10 mL of 48% (vol/vol) ultrapure H 2 SO 4 for 30 min at 1100 W, as previously described (Dorier, 2015) . Digested sample were stored in unused and sterilized 7 mL bijou tubes. Samples were then diluted in ultrapure 1% (vol/vol) HNO 3 and analyzed on an Agilent 7500ce ICP-MS equipped with a concentric nebulizer and operated in the helium collision mode for Ti (to eliminate interference from polyatomic species). They were introduced to the ICP-MS via the autodiliter (to avoid matrix effects). Cells lysates (3 replicates per condition) were prepared by scraping in phosphate buffer supplemented with glycerol and phenylmethanesulfonyl fluoride, frozen in liquid nitrogen then thawed at 37°C three times. They were then centrifuged (4 °C, 15 min, 10,000 g) and supernatants were collected, their protein concentration was measured and normalized, then samples were aliquoted and stored at -80°C until analysis. Glutathione intracellular content, either total (GSH+GSSG) or reduced (GSH) was determined as previously described (Vandeputte et al., 1994) . GSH content was measured via its oxidation by 5,5'-dithiobis(2-nitrobenzoic acid) (DTNB), which leads to the formation of 5-thio(2-nitrobenzoic acid) (TNB), a yellow by-product absorbing at 405 nm. The same protocol was applied for the determination of total glutathione content (GSH+GSSG), with a preliminary step of reduction of oxidized glutathione (GSSG) by glutathione reductase (GR). After addition of DTNB to cell lysates, absorbance at 405 nm was followed during 5 minutes. GSH and GSH+GSSG concentrations in cell lysates were then determined by comparison to GSH calibration curves.
GR activity was measured using an assay based on the oxidation of GSH by DTNB (Carlberg, 1985) .
Phosphate buffer to which was added 1 mM EDTA, 400 µM DTNB, 300 µM NADPH and 800 µM GSSG was applied to the cell lysate. Absorbance at 405 nm was then measured continuously for 5 min. GR activity was then calculated from a GR standard calibration curve. GPx activity was also determined spectrophotometrically, by coupling the oxidation of glutathione with NADPH using GR (Paglia, 1967) . Cell lysates were mixed with phosphate buffer to which was added GSH, NADPH and GR. Then cumene hydroperoxide was added to this mixture in order to initiate the reaction, and absorbance was immediately measured at 340 nm. SOD activity was measured as an indirect assay in which β-mercaptoethanol competes with endogenous SOD for nicotinamide adenine dinucleotide (NADH) oxidation by O 2 ‫-•‬ (Paoletti, 1986) . One unit of SOD activity is defined as the amount that causes 50% inhibition of NADH oxidation under specific conditions. Phosphate buffer supplemented with 350 µM NADH, 3mM EDTA, and 1.5 mM and MnCl2. 2-mercapto-ethanol (10 mM) was added to cell lysates. After a 20 min incubation period at room temperature, absorbance at 340 nm was read during 5 minutes. SOD activity was then determined by comparison with a SOD activity calibration curve. CAT activity was measured by spectrophotometrically monitoring the disappearance of exogenous H 2 O 2 (Beers, 1952) . Standard solutions of known CAT activities (0.5-50 U/mL) were prepared in phosphate buffer (100 mM, pH 7.8). H 2 O 2 was added to cell lysate then absorbance was read at 240 nm for 5 minutes. Catalase activity was then deduced to CAT standard calibration curve.
-RT-qPCR analysis of the expression of genes involved in oxidative stress response and DNA repair mRNA expression of genes encoding superoxide dismutase 1 and 2 (SOD1, SOD2), catalase (CAT), Glutathione peroxidase 1 and 4 (GPx1, GPx4), glutathione reductase (GSR), tumor protein p53 (TP53), ataxia telangiectasia mutated (ATM), ataxia telangiectasia and Rad3-related protein (ATR), apurinic/apyrimidic endonuclease (APE1), poly(ADP-ribose) polymerase 1 (PARP1), proliferating cell nuclear antigene (PCNA), X-ray repair cross-complementing protein 1 (XRCC1), polymerase β (POLB) and ligase 3 (LIG3) was evaluated by reverse-transcription quantitative polymerase chain reaction (RTqPCR). RNA concentration and purity were assessed using a Nanodrop ND-1000 spectrophotometer (Thermo Fisher Scientific) by measuring absorbance at 230, 260 and 280 nm. For each exposure condition we used three biological replicates, deposited in technical duplicate on the qPCR plate.
Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) and cyclophilin B (CycloB) were chosen as reference genes for normalization and were validated using BestKeeper (Pfaffl, 2004) . A B
38 Figure S3 . 53BP1 foci counting after long-term exposure to TiO 2 -NPs and post-exposure to genotoxic agents. Cells were exposed to 1-50 µg/mL TiO 2 -NPs for 2 months then post-exposed for 24 h to 50 or 100 µM of MMS (MMS 50 and MMS 100, respectively) or 5 or 10 µM of etoposide (Etoposide 5 and Etoposide 10, respectively). After immunostaining, the number of 53BP1 foci per cell nucleus was counted automatically using a CellInsight CX5 (Life Technologies). Results are average ± standard deviation of 53BP1 foci count per cell nucleus. *: p<0.05 vs. control (cells not exposed to TiO2-NPs): differences were not statistically significant. SOD n/a n/a n/a 1,2±0.03 1.01±0.02
CAT n/a n/a n/a 1,4±0.3 1.2±0.2 a Total (GSH+GSSG) and reduced (GSH) glutathione content, glutathione reductase (GR), glutathione peroxidase (GPX), superoxide dismutase (SOD) and catalase (CAT) activities in cells after 2 months of exposure to TiO2-NPs, normalized to control (unexposed cells). n/a: not measured. Mean of four replicates ± standard error. *: p<0.05 vs control (unexposed cells): differences were not statistically significant. 
